Motivation: Because of its increased tag length, LongSAGE tags are expected to be
INTRODUCTION
, which is used for the EnsEMBL genome annotation project (Curwen et al., 2004) .
Real gene identification is ultimately dependent on experimentally generated nucleotide or protein sequence data. Nevertheless, since even millions of EST sequences in humans and mice were not sufficient to cover every single gene in the genome, leaving out especially rarely or low-abundantly expressed genes, more efficient experimental methods are required. Recently it has been shown that Serial Analysis of Gene Expression (SAGE) (Velculescu et al., 1995) , a method initially developed for gene expression profiling, is more powerful in transcript detection than EST sequencing (Sun et al., 2004) . It is well established that in a significant fraction of the cases a short sequence of 10 bases can be assigned to a single gene as a SAGE tag, immediately following the 3'-most NlaIII recognition site (i.e., 5'-CATG-3') in a transcript sequence. Such tag-to-gene assignments have been made and provided as the SAGEmap database (Lash et al., 2000) . With the improved version of SAGE, generating tags with the length of 21 bases (LongSAGE), which theoretically can be uniquely assigned to a single genomic position (Saha et al., 2002) , LongSAGE might also assist in the correct identification of the genomic locus corresponding to a certain transcript. In the present study we performed the first LongSAGE analysis in the mouse by generating multiple libraries from mouse embryonic tail tissues. Subsequently, we analyzed various aspects of the dataset in detail and addressed the use of LongSAGE in annotating genes to the genome as well as in detecting novel genes. Our analyses clearly indicate that LongSAGE transcriptome data can significantly improve the genome annotation, despite the fact that information on genes and transcripts in the mouse is the most advanced among vertebrate models.
MATERIALS AND METHODS

LongSAGE library construction and data acquisition
LongSAGE library construction and data acquisition were described in detail in the accompanying paper (Wahl et al., 2005) . The complete LongSAGE tag dataset used in this study is available at the Gene Expression Omnibus database at NCBI with the accession number GSM26978.
Tag-to-gene mapping
All programs for the data processing described in the following paragraphs were written in Perl using the BioPerl (Stajich et al., 2002) and EnsEMBL Perl APIs (Stabenau et al., 2004) .
UniGene: Instead of the SAGEmap database, we used our own algorithm to define tagto-gene assignments: in contrast to the SAGEmap database, we used only sequences reliably containing the 3' end of a transcript. Therefore, all sequences of a UniGene release (build #133) were categorized according to its description into full-length, 3', 5' and others, and were examined for the presence of a canonical polyadenylation signal (up to 50 bases upstream of a polyadenylated tail) and/or the polyadenylated tail. All full-length and 3' annotated sequences were taken when they contained at least a polyadenylation signal or a polyadenylated tail, while 5' sequences were considered only when they harbored both. Sequences containing both polyadenylation signal and tail only in a reverse-compliment orientation were changed to 5' to 3' orientation. For each sequence of a UniGene cluster passing the above criteria, the 10-to 17-base sequence downstream of the 3' most CATG was taken as the SAGE tag ('UniGene all', see Figure 1 ). For the dataset of 'reliable' tag-to-gene mappings ('UniGene reliable', see Figure 1 ), we considered only those SAGE tags that were derived from at least 10% of all 3' sequences of the corresponding UniGene cluster or from a full-length cDNA sequence.
MGD ID:
For the entries in the Mouse Genome Database (MGD, based upon MGD report file, the release of Jan 16, 2004; downloaded from ftp.jax.org), its corresponding UniGene cluster(s) were determined from the MGD database report. To link a MGD ID to EnsEMBL genes and EST genes, the 'MarkerSymbol' entry in the EnsEMBL db_xref database table, which corresponds to the official symbol in MGD, was taken.
All LongSAGE tags mapped to the UniGene cluster(s) and/or EnsEMBL gene(s)/EST gene(s) of a MGD ID were assigned to the particular MGD ID. In order to avoid multiple hit cases, a LongSAGE tag was taken only when it could not be assigned to another MGD ID by the same procedure.
EnsEMBL:
EnsEMBL genes and EST genes (database version 19_30, based on the NCBI mouse genome assembly, build 30), which had an exon completely overlapping with an experimentally obtained LongSAGE tag on the genomic sequence, were associated to the LongSAGE tag. When exons of two or more EnsEMBL genes and/or EST genes overlapped with the same LongSAGE tag on the genomic sequence, such genes were considered as redundant, which was often the case for EnsEMBL and EST genes. The gene with the longest cDNA sequence was taken as the representative hit.
When a LongSAGE tag was mapped to an EnsEMBL gene or EST gene on two different genomic locations, it is considered as a 'multiple hit'.
Pseudogenes
When a single UniGene cluster was represented with multiple distinct EnsEMBL genes and/or EST genes in the EnsEMBL database, we considered that only one of these EnsEMBL genes corresponds to the real gene, whereas others are pseudogenes. hits having an overlapping chromosomal localization to 'primary' hits are left out. All UniGene clusters associated with 'primary' and 'secondary' hits were considered as gene -pseudogene pairs.
Number of LongSAGE tags per gene
EnsEMBL: All LongSAGE tags derived from the embryonic tail libraries that could be directly mapped uniquely to an EnsEMBL gene or EST gene was evaluated. If multiple LongSAGE tags were assigned to the same EnsEMBL gene or EST gene, the location of such LongSAGE tags in the EnsEMBL gene was determined. In case of multiple overlapping genes, the representative one was used (see above). If the gene had overlapping exons (e.g. different polyadenylation sites in the last exon), the longest one was used.
MGD:
For each MGD entry, the mapping LongSAGE tags were retrieved and the number of unique tags in the dataset per MGD ID was counted.
Support of GenScan prediction by LongSAGE tags
Only those LongSAGE tags were conducted for this analysis, when they could not be assigned to either a UniGene cluster or an EnsEMBL gene or EST gene, but mapped to the genomic sequence. For each hit to the genome, genes predicted by GenScan were retrieved through the EnsEMBL database (predictionTranscripts). All LongSAGE tags within GenScan predictions were directly associated, and LongSAGE tags between two predicted exons or up to 2,000 bp downstream of the predicted gene were taken as potential hits.
Verification of cDNA/EST alignments by LongSAGE tag
We examined for every LongSAGE tag mapped to the genome (including the multiplehits) whether one or more cDNA or EST sequences could be aligned to the genomic position of the LongSAGE tag. We first retrieved the overlapping dna_align_features from the EnsEMBL databases core, estgene and est, which hold all high scoring sequence pairs (HSPs) of a global BLAT analysis of all transcript sequences against the genome. To ensure that the alignment between transcript and genome sequence is real, we then required the presence of splicing donor (GT) or splicing acceptor (AG) immediately downstream or upstream of the aligned segments. In the case of potential single-exon genes, alignments were also accepted if the whole sequence (at least 95%) could be aligned to the genomic position without any gap ( Supplementary Fig. 1 ). For each HSP a minimum percent identity of 97% was required. LongSAGE tags overlapping with a dna_align_feature at multiple different genomic locations were not processed. Next, the aligned transcript sequence(s) was compared to annotated genes or EST genes. A LongSAGE tag was considered to correspond to a particular gene/EST gene in the following cases. First, if one transcript sequence overlapping with a LongSAGE tag also overlapped with an EnsEMBL exon associated with at least splice donor or acceptor on the same or the opposite strand with a maximal distance of 10 kb to the LongSAGE tag (Supplementary Fig. 2A ). In the latter case (opposite strand), the LongSAGE tag is categorized as an antisense tag ( Supplementary Fig. 2B ). Second, if the transcript sequence showed a minimum percent identity of 95% over at least 150 bp to the EnsEMBL transcript maximal 10 kb distant from the LongSAGE tag on the same or different strand ( Supplementary Fig. 2C ,D). For more detailed descriptions about antisense tags and genes, see the accompanying paper (Wahl et al., 2005) . All transcript sequence(s)/LongSAGE tag combinations that could not be assigned to any EnsEMBL gene in the above strategy were considered as 'novel'. LongSAGE tags with multiple hits to the genome were included in the final numbers, only when for one single genomic locus one or more transcript sequence(s) could be aligned. Table 1 shows the statistics for the reliable assignment of LongSAGE tags to UniGene clusters (Wheeler et al., 2004) , genomic sequence and EnsEMBL genes (Birney et al., 2004a) . The percentage of LongSAGE tags that were not mapped to genes (UniGene and/or EnsEMBL genes) was inversely proportional to the tag abundance, which is in concordance with previous reports (Margulies et al., 2001; Wahl et al., 2004) .
RESULTS
Assignment of LongSAGE tags to genes
A detailed analysis of the 41,714 kinds of LongSAGE tags collected in our experiment against the genomic sequence is summarized in Table 2 . Unique genome hits were confirmed in 21,904 cases (53%), whereas 4,087 tags (10%) hit multiple genome sites and 15,723 tags (38%) did not show any hit in the genome. Of the 21,904 tags with a unique hit to the genomic sequence, 6,317 tags matched to both UniGene and EnsEMBL databases, 2,510 LongSAGE tags could be assigned only to an EnsEMBL gene, and 3,729 tags detected in the genomic sequence could not be mapped to any EnsEMBL gene, but only to a UniGene cluster. Interestingly, 9,348 tags could not be mapped to either UniGene or EnsEMBL genes. Further investigations on these 9,348 tags are presented later in separate sections.
Surprisingly, there was a considerable portion of LongSAGE tags, which had no hit to the genomic sequence (38%). To determine, whether this observation was due to gaps or sequencing errors in the genome sequence assembly, or due to exon-spanning LongSAGE tags, we analyzed how many of these LongSAGE tags were represented by a UniGene cluster. We could only identify 1,097 cases (out of 15,723) where a no-hit tag to the genome was included in transcript sequences (UniGene). Since the phenomenon of no-hit tags to the genome was predominantly seen in single-count tags, we assumed that it was due to sequence errors introduced during the PCR or sequencing step. Even though the base-calling program Phred (Ewing et al., 1998) was used and the raw ditags were processed by the SAGEScreen algorithm, which tries to correct wrong LongSAGE tags (Akmaev and Wang, 2004) , this possibility remains. Indeed, an analysis of the relative abundance of all derivates of linker tags, allowing up to two substitutions and up to one deletion or insertion, to the count of their parent before SAGEScreen correction determined an error rate of 11 -15%, which could be extrapolated to 22,000 -30,000 tags. This observation is concordant to the considerations and analyses of other SAGE data (Akmaev and Wang, 2004) . Figure 1 depicts the frequencies of no-hits, single-hits and multiple-hits to either UniGene clusters or the genome sequence, in order to provide a basis on determining the minimum length of a SAGE tag (including the CATG anchor sequence) for being unique to the corresponding database. In order to avoid artificial LongSAGE tags due to PCR and/or sequencing artifacts, we concentrated on LongSAGE tags with a minimum count of 3 for this analysis. These LongSAGE tags were artificially trimmed by up to 7 bases at the 3' end. For the assignment to UniGene, a plateau was reached at a tag length of 16 to 17 bases (Fig. 1A,B) , and interestingly, an increased tag length did not reduce the number of multiple hits. In contrast, for the mapping to the genome, each additional base increased specificity, whereas the number of no-hit cases remained low (Fig. 1C) . In the case of single-hit matching to the genome sequence, with increasing tag lengths from 16 to 20, we observed a significant increase in the percentage of unique genome assignments from ~20% to ~75% in our experimental dataset. However, this increase reached a plateau with the tag length of 20, and the incidence of single-hit matching did not significantly increased any more with 21-base LongSAGE tags.
Relationship between tag length and unique assignment
Uniqueness of a LongSAGE tag in the presence of pseudogenes
Pseudogenes are copies of transcribed genes with very high sequence similarity to the coding region of the corresponding real gene, but are not transcribed. Therefore it is often difficult to discriminate a real, transcribed gene represented by EST or cDNA sequences from its non-transcribed pseudogene(s) on the genome sequence. Thus we addressed a question of how many LongSAGE tag derived from a real gene that had one or more highly similar pseudogene(s) were found only once in the genome sequence: i.e. present only in the transcribed gene, but not in the pseudogene(s). We first identified potential pseudogenes annotated in EnsEMBL with a strategy explained in detail in the Materials and Methods section. As summarized in Table 3 , out of 1,144 potential gene/pseudogene(s) pairs with one or more LongSAGE tag(s) observed in our dataset, for 457 (339 + 118) genes at least one LongSAGE tag was unique to the genome, but in 687 cases, an identical LongSAGE tag was observed in both gene and pseudogene(s).
Number of tags per gene
As we often observed that different LongSAGE tags were mapped to the same gene, we analyzed the number of LongSAGE tags for every gene. For this purpose, the direct use of UniGene clusters was not the best choice, since it was known that a significant number of genes were represented in multiple UniGene clusters. Therefore we started with all genes with entries in the Mouse Genome Database (MGD) (Bult et al., 2004) and retrieved the possible LongSAGE tags through the UniGene clusters assigned to entries in MGD. Of a total of 9,088 MGD entries with LongSAGE tags detected in our libraries, in around 45% (4,165 tags) of the cases, more than one kind of tag was observed in the dataset, and approximately 21% (1,896 tags) were represented three or more times (Table 4 , top).
To determine the exact localizations of the LongSAGE tags within the genes, we performed the same analysis on EnsEMBL genes, for which the exon-intron structure was known (Table 4 , bottom). Altogether, less LongSAGE tags could be assigned to EnsEMBL genes, thereby resulting in a total of 7,179 genes analyzed and only 1,933 genes with multiple unique tags. Among these, 1,066 (848 + 218) EnsEMBL genes had LongSAGE tags located in different exons and in 1,303 (1,085 + 218) cases, more than one LongSAGE tag was assigned to the same exon.
LongSAGE tags providing experimental supports for predicted genes
Since 9,348 LongSAGE tags that were mapped to the genome lacked a reliable hit to UniGene and could not be associated with an EnsEMBL gene (Table 2) , we analyzed how many of these LongSAGE tags overlapped with an ab-inito prediction by GenScan (Burge and Karlin, 1997). As GenScan was known to fail to detect some of the exons of a gene and was unable to predict untranslated regions (UTR), we also included those LongSAGE tags in between two predicted exons or downstream of the last predicted exon (possibly in the 3' UTR), as long as the distance was not more than 2,000 bp. As illustrated in Figure 2 , a total of 2,098 LongSAGE tags were located in the region of a predicted gene, including, 111 LongSAGE tags within predicted exons, 1,039
LongSAGE tags between two predicted exons and 948 LongSAGE tags downstream of the last predicted exon.
Evidence for novel genes, novel exons, and alternative polyadenylation sites
Surprisingly, of the 21,904 LongSAGE tags with a single hit to the genome sequence, 13,077 (9,348 + 3,729; see Table 2 ) tags could not be assigned to an EnsEMBL gene. However, in 3,729 cases of these no-EnsEMBL-gene-hit LongSAGE tags, indeed, we were able to assign to UniGene. This observation reflected the fact that a certain fraction of UniGene entries were not included in EnsEMBL genome annotation, and at the same time suggested the possibility that LongSAGE data might be useful to link between such non-annotated UniGene entries and their genome locations. Therefore, we addressed this possibility by determining transcript sequences that could be aligned to the chromosomal position of each LongSAGE tag mapped to the genome. As shown in Figure 3 , for a total of 18,205 unique LongSAGE tags, a transcript sequence overlapped with the LongSAGE tag on the genomic sequence. In 9,112 cases, there was no EnsEMBL gene annotated to the chromosomal position of the LongSAGE tag (Fig. 3A) .
In 207 cases, the LongSAGE tag supported by a transcript sequence was located between two exons of an annotated gene (Fig. 3C) , and in 480 cases downstream of the 3' UTR of an EnsEMBL gene (Fig. 3D) .
DISCUSSION
Optimal length of SAGE tags
For the best performance of SAGE, it is necessary to generate as short as possible tags that still can reliably be assigned to corresponding genes. As illustrated in Figure 1 , against both transcript (UniGene) and genome databases, from a certain tag length on the number of multiple hits does not significantly decrease with increased tag length, reflecting the fact that transcript and genome sequences are not purely random. The fact that the graph approaches to a plateau could be explained by the existence of highly homologous genes or repetitive sequences, leading to the same SAGE tags for multiple transcript sequences or for multiple genomic locations. This notion is in agreement with a previous report on invertebrates such as C. elegans and D. melanogaster (Pleasance et al., 2003) . This indicates that not all transcripts will be covered by a single anchoring enzyme (here: Hsp92II, cutting at the recognition sequence CATG). However, by generating parallel LongSAGE libraries from the same mRNA material using different anchoring enzymes, this limitation can be overcome to some extent, whereby additionally the tiny fraction of transcripts that does not contain a CATG may be covered. According to the results shown in Figure 1 , a 17-base SAGE tag (including CATG) is sufficient for a unique assignment to transcript sequences. Because of the larger size and higher complexity of the genome sequence, a SAGE tag has to be longer to be uniquely assigned to the genome. Since the number of multiple hits only marginally decreases (and accordingly the percentage of single-hit matching to the genome does not improve) between 20 and 21 bases, LongSAGE tags seem to be already adequate. However, this will have to be experimentally verified by generating even longer SAGE tags with the recently published method SuperSAGE (Matsumura et al., 2003) utilizing 26-base long tags. Concerning the tag uniqueness in the genome, the maximal incidence of unique assignment theoretically calculated in the original LongSAGE article (Saha et al., 2002) is almost 100%. This maximal level is reached also with 20-base long tags, but is significantly higher than the one from our observation (about 75%) based on the experimental dataset from this study. This difference may reflect again the non-randomness of the genomic sequences.
Number of alternative tags per gene
It has been previously reported that most genes have alternative transcripts. By EST data mining, it has turned out that at least 59% of human and 41% of mouse multi-exon genes have alternative splice forms (Brett et al., 2002; Zavolan et al., 2003) , and 28.6 % of human genes show alternative polyadenylation (Beaudoing and Gautheret, 2001 ). In our dataset, around 45% of the genes detected had alternative transcripts, which is consistent with above numbers. However, it should be noted that LongSAGE cannot detect all isoforms, i.e. only those leading to the use of alternative 3' most CATG sites.
Therefore most of the differences observed are limited to the 3' part of the corresponding gene. This explains the observed predominance of alternative polyadenylation (LongSAGE tags usually within the same last exon) over alternative splicing (tags in different exons). Interestingly, many alternatively spliced and/or polyadenylated transcripts co-exist in the same tissue (the embryonic mouse tail). This raises the question about the biological significance of both alternative splicing and alternative polyadenylation. It is shown for the classical example of the drosophila Sexlethal gene, which, due to alternative splicing, has a male-and a female-specific transcript, thereby determining the sex of the individual (reviewed in Penalva and Sanchez, 2003) . Nevertheless, observations that alternative transcripts specific for a certain cell type have a different function might not be the general rule. Since LongSAGE predominantly records changes to the 3' part of a gene (3' alternative splicing and alternative polyadenylation), the coding sequence might not be affected by the observed events. On the other hand, the 3' UTRs have been reported to be involved in processes like translational regulation, mRNA stability and sub-cellular localization (reviewed in Kuersten and Goodwin, 2003) .
Impacts of LongSAGE data on genome annotation
As mentioned in Introduction, the experience in genome annotation of higher vertebrates has revealed the need for experimentally generated DNA or Protein sequences to annotate all genes to the genome. Therefore we assessed whether LongSAGE could fulfill its promise as a method to assist genome annotation (Saha et al., 2002) . Our data strongly suggests that even at the current state of transcript (fulllength cDNA and EST) sequencing projects in the mouse and with the momentary tools for in-silico gene prediction, a significant number of genes may have not been annotated in the genome.
By comparing GenScan predicted genes and the LongSAGE tags with no hit to both EnsEMBL genes and UniGene clusters, we found a complete overlap in 111 cases ( Fig. 2A) . Since gene prediction programs often fail to detect some exons and especially the 3' UTR of a gene (Rogic et al., 2001) , those LongSAGE tags falling in between two predicted exons (1,039 cases, Fig. 2B ) or downstream of the last exon of a predicted transcript (i.e., 3' UTR; 948 cases, Fig. 2C ) could be part of these predicted genes, thereby providing an experimental support for them being real. Because all LongSAGE tags used for this analysis were not found in any of the gene or transcript databases used, those genes can be considered as being completely novel. Moreover, we have shown that LongSAGE tags can be utilized to identify the genomic locus of genes that are not annotated through the EnsEMBL pipeline. Therefore, we propose that the genes of 9,112 LongSAGE tags supported by aligned cDNA/ESTs (Fig. 3A) are not (or wrongly) annotated through EnsEMBL. As we have described in the accompanying paper (Wahl et al., 2005) , among the LongSAGE/transcript sequence pairs, 1,260 potential antisense genes (1,468 antisense transcripts) were identified, of which only 296 (23%) are included in EnsEMBL. The fact that our strategy could confirm more than 98% (conflicting in only 95 out of 8,406 cases) of the EnsEMBL gene annotations proofs the feasibility of our approach.
Concluding remarks
In conclusion, LongSAGE data are very useful and efficient in identifying and locating transcribed units in the genome. Together with further evidence from gene prediction programs or transcript sequence alignments to the genome, the complete structure of a gene can be determined, independent of any comparative analysis to other species, which would leave out species-specific genes. Even in the presence of pseudogenes, which often cannot be discriminated from its transcribed copy in the EnsEMBL algorithm, in a considerable number of cases, a LongSAGE tag derived from the expressed gene could be assigned to only one of the candidates. Finally, it should be noted that still a significant number of LongSAGE tags with a unique hit to the genome were not associated with a gene by any of the above approaches, suggesting that still many genes have not been recognized.
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FIGURE LEGENDS
Figure 1
Uniqueness of SAGE tags of different length to the transcriptome and the genome.
Percentages of no-hit, single-hit and multiple-hit cases are shown for SAGE tags of different length, ranging from 14 bases (original SAGE) to 21 bases (LongSAGE) against UniGene (A and B) and the genome (C). Reliable assignments to UniGene are those cases, where a LongSAGE tag was detected in at least 10% of the 3' most sequences and/or in a full-length cDNA clone. For the definitions of the datasets "UniGene all", "UniGene reliable" and "Genome", see Materials and Methods.
Figure 2
Verification of GenScan predicted genes by LongSAGE tags.
Out of the 9,348 LongSAGE tags that could not be assigned to UniGene and EnsEMBL genes, a total of 2,098 tags were located in the same orientation either within (A and B) or near downstream of (C) putative genes predicted by GenScan. multiple hits to genome. All tags derived from UniGene clusters assigned to MGD entry.
2) EnsEMBL genes and EST genes; in case multiple EnsEMBL genes and/or EST genes are mapped to the genomic locus of a LongSAGE tag, only the longest one is considered.
Supplementary Figure 1
Transcript sequences retrieved from EnsEMBL core, estgene and est database taken for the analysis. We used only transcript sequences that aligned to the particular genomic sequence following splicing rules. A transcript sequence with a HSP overlapping with a LongSAGE tag was considered to represent an exon and further processed, if at least a splice donor or a splice acceptor was found upstream or downstream of the transcript sequence aligned to the genomic sequence. It was not required that both donor and acceptor are included, since partial transcript sequences do not necessarily contain whole exon or exon is first or last exon of gene; independent of hit strand in dna_align_feature, since a manual evaluation showed, that strand of dna_align_features is often wrong (A-C). Also features aligning over its whole sequence (>= 95% of sequence length, minimum 250 bases) were taken to also cover single-exon genes (D).
Supplementary Figure 2
Association of a LongSAGE tag to an EnsEMBL gene. A LongSAGE tag/transcript sequence(s) pair (Suppl. Fig. 1 ) was assigned to an EnsEMBL gene, if the same transcript sequence overlapped with an EnsEMBL exon with same or different HSP, requiring at least splice donor or acceptor, on (A) the same or (B) the opposite (i.e., antisense tag) strand. In addition, a LongSAGE tag was also linked to an EnsEMBL gene, if the transcript sequence of the LongSAGE tag/transcript pair shared at least 95% identity over 150 bases, and was located up to 2000 bases outside the gene borders on (C) the same or (D) the opposite (i.e., antisense tag) strand.
